We find empirical evidence suggesting that the volatility dynamics of Japanese firms cross-listed in the US is characterized as a Meteor Shower with Country-Specific News.
Introduction
Nowadays, a growing number of stocks are quoted on different markets. For example, Pulatkonak and Sofianos (1999) document an increasing number of foreign firms listed on the New York Stock Exchange (NYSE). For this reason, there is increasing interest in the price behaviour of these stocks in the different markets where they are traded. Many studies have been made of the price discovery process of these firms (e.g. Lau and Diltz, 1994; Eun and Jang, 1997; Ding et al., 1999; Lieberman et al., 1999; Hupperets and Menkveld, 2002; Pascual et al., 2003; Eun and Sabherwal, 2003; Grammig et al., 2005) . The usual finding is that the foreign country contributes to some extent. The methodology of these papers is based on simple regressions on overlapped stock returns in different markets (e.g. Lau and Diltz, 1994) , on Vector Error Correction Models (e.g. Eun and Jang, 1997; Lieberman et al., 1999; Eun and Sabherwal, 2003) , and on common trend representations of a Vector Error Correction Model (e.g. Ding et al., 1999; Hupperets and Menkveld, 2002; Pascual et al., 2003; Grammig et al., 2005) on returns time series of the different markets where the stocks are listed. These methodologies are used to measure the contribution of each market to the price discovery process.
In a related research field, the seminal paper by Engle et al. (1990) studied intraday volatility dynamics on the foreign exchange market around the world. That is, they studied the dynamic relation of the volatility of returns rather than the dynamic relation of returns. This approach enables the price discovery process to be studied from a different point of view; that of the process of the incorporation of news into the exchange rate. These authors found volatility transmission from one time zone to the next (Meteor Shower). As they point out, there are several explanations for this finding; (i) failures of market efficiency (e.g. due to technical analysis behaviour); (ii) market dynamics in response to news (e.g. Kyle, 1985; Admati and Pfleiderer, 1988) ; (iii) the data generating process, such as stochastic policy coordination or competition. In a posterior paper, Ito et al. (1992) analyzed the data generating process and found that stochastic policy coordination is not a major explanation.
With respect to cross-listed stocks, several papers have analyzed volatility dynamics (e.g. Wang et al., 2002; Xu and Fung, 2002; Alaganar and Bhar, 2002) .
However, these papers either do not investigate the volatility dynamics found (e.g. Wang et al., 2002) or they implement the analysis on close-to-close returns (e.g. Xu and Fung, 2002; Alaganar and Bhar, 2002) , where the returns on the different stock markets partially overlap and therefore the Engle et al. (1990) analysis cannot be implemented.
Regarding an explanation for the volatility dynamics found, Xu and Fong (2002) obtained weak evidence of the international exposure of a firm affecting the volatility transmission. They measured this exposure with the percentage of each firm's volatility in the foreign market explained by the foreign market main index.
In this paper we implement an experiment similar to that of Engle et al. (1990) on cross-listed stocks.
1 In a first step, we analyze whether these stocks present Meteor
Shower characteristics, and find evidence supporting this. In a second step, we analyze whether firms' international exposure affects Meteor Shower dynamics. We measure international exposure by quantifying the business activity in the time zone of the foreign market (i.e. in the geographical area). 2 On cross-listed stocks, the market dynamics and the data generating process may cause different patterns of volatility depending on the geographical distribution of the firms' business. Regarding market dynamics, Chan et al. (1996) found that US investors mainly trade foreign stocks on the basis of public information previously released on the domestic market. This explanation is inspired by the trading models of Varian (1989) and of Harris and Raviv (1993) . Our hypothesis is that this behaviour could be reinforced within foreign firms characterized by a significant level of business activity in the US time zone geographical area. For example, this may be the case if correct interpretation of the effect of public information released on the domestic country requires knowledge related to the business activity of these firms in the US time zone geographical area.
Furthermore, as shown by Kang and Stulz (1997) and by Dahlquist and Robertsson (2001) , foreigners tend to invest more in firms that they are better informed about.
Regarding the data-generating process, there may be a news release correlated process for firms with significant business activity in the US time zone geographical area. This correlated process may resemble the stochastic policy coordination process studied in Ito et al. (1992) , 3 by which a news release in the local market induces another news release in the foreign market. For example, if a Japanese firm decides to fire 10% of its workers in the US and this information is released from the firm's headquarters in Japan, this information will influence the stock price in Japan. Then there will be a reaction by workers in the US, and even among competitors and regulators there, during the US business day. This new information then influences stock prices in the US.
Therefore, volatility in Japan causes posterior volatility in the US (see Ross, 1989, for the relation between volatility and the incorporation of information into stock prices, 3 Their explanation is that a policy innovation in Japan precedes a policy response in the US and vice versa. The response is stochastic and therefore a policy innovation causes volatility transmission from one market to the other.
and Kalev et al., 2004 , for empirical evidence on this relation, and on the autocorrelation of the rate of news arrival).
We study the volatility dynamics of Japanese firms cross-listed on the US market.
These firms are traded in the US as American Depository Receipts (ADR). 4 We find volatility transmission from Japan to the other markets analyzed, and also between these other markets (Meteor Showers). Furthermore, we find that these volatility dynamics are affected by the firms' international exposure in the US time zone geographical area.
Our empirical evidence suggests that volatility transmission from Japan is higher for firms with significant business activity in the US time zone geographical area. This evidence supports two hypotheses: (i) that the contribution of foreign traders (foreign markets) to the price discovery process is more intense among Japanese firms with business activity in the foreign markets' time zone geographical area; (ii) there is a correlated information generation process concerning these firms. We also find weaker empirical evidence suggesting a higher degree of transmission from the US and Europe to Japan for Japanese firms with lower levels of business activity in the US time zone geographical area. This is consistent with Japanese traders trading on the basis of public information previously released in the US or Europe being more intense for Japanese firms with a higher percentage of business activity in the Japanese time zone geographical area. Finally, we find a greater persistence of volatility shocks on posterior volatility among the non-international Japanese firms. This suggests that for these firms there is more persistence in the degree of disagreement between investors on the interpretation of news releases.
Thus, the contribution of this paper is to shed some light on the process of information incorporation into prices for cross-listed stocks. Furthermore, this evidence complements that of Chan et al. (2003) , suggesting that the geographical distribution of business as well as the location of trade is relevant to price fluctuations.
In the next section we present the empirical methodology. Section 3 gives the data summary. Section 4 reports the empirical analysis, and the final section summarizes the main conclusions.
The empirical methodology
The empirical design of our experiment is similar to that of Engle et al. (1990) .
However, trading in stocks is not continuous, 24 hours a day, as is the case in the foreign exchange market. It takes place only during the trading hours of the stock markets where the stocks are traded. Various studies, for example by French and Roll (1986) , have shown that information is introduced into stock prices mainly during trading hours, and therefore we will consider just trading periods returns, that is, we consider the open to close returns of the main markets where the Japanese stocks we analyze are quoted, namely the Japanese and the US stock markets. However, after the Japanese trading interval and before the US trading interval there is trading activity in Europe. New information affecting stock prices may be released during the European interval, and therefore, in order to control for a possible misspecified model, we estimate a second version of the empirical model including the European market. 5 The European and US trading periods partially overlap. This may cause contemporaneous correlation due to the same information being incorporated simultaneously in both markets. Werner and Kleidon (1996) found that information regarding US firms quoted on the London market was introduced into both markets' prices during the overlap.
Furthermore, their evidence suggested that US traders lead the price formation process.
Therefore, in order to obtain orthogonal European and US returns, we regress the European return on the US return (explanatory variable) and take the residual as the orthogonalized European return. The three-markets model analysis is performed with the European returns and with orthogonalized European returns. Very similar results
were obtained with the two analyses, and so in order to save space we present only the analysis with orthogonalized returns. The results of this analysis are given in the Appendix.
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A VAR-GARCH model is used to model the dynamic process of returns time series on the US and the Japanese markets. Here, R 1,t represents the open to close log return (the logarithm of the closing price minus the logarithm of the opening price) in the US market for day t and R 2,t represents the corresponding value for the Japanese market.
We define the error vector 2x1 as . In order to model the variance and covariance matrix, we use the constant correlation multivariate GARCH(p,q) specification by Bollerslev (1990) 
The parameters of the model formed by [1] and [2] are estimated by the quasimaximum likelihood method with conditional normal density. 8 The logarithm of the likelihood function ( L log ) is defined by:
where f is a constant term.
The main difference between our model specification and that of Engle et al. (1990) is that we estimate a multivariate model in variance while they estimate different 7 This specification simplifies the estimation because it allows an important reduction in the number of parameters in comparison to other specifications such as the BEKK (Engle and Kroner, 1995) . In the empirical application it is tested whether this is appropriate for our data and we got positive results. 8 The second version of the model including the European market has the same design. It has a third equation for the European market in the model of returns defined by [1] and in the model of variance defined by equations [2] , and two equations more for the covariance between the European return and the Japanese, and the US returns in [2] .
univariate GARCH models. We use the multivariate specification to obtain more efficient estimations.
Regarding the statistical inference on this model, a robust estimate of the variance and covariance matrix of the parameter estimates is obtained using the matrix of second derivatives and the average of the period by period outer products of the gradient. The BFGS algorithm and consistent covariance techniques allow us to obtain the necessary estimates. Under fairly weak conditions, the resulting estimates are consistent even when the conditional distribution of the residuals is non-normal (see Bollerslev and Wooldridge, 1992, and Lumsdaine, 1991) . As in Engle et al. (1990) 
. Furthermore, whenever the Meteor Shower hypothesis is accepted, we also investigate whether the Meteor Shower with World Wide News specification in Engle et al. (1990) , is the coefficient matrix of 1
Because this is analogous to the GARCH(1,2) model, the impulse response function to a one-unit shock of t v can be derived easily by following the work of Engle et al. (1990 10 In our final sample, the European data was in fact from the LSE for all firms.
The fourth criterion is to exclude the firms for which we could not obtain information on the geographical distribution of their business activity (one firm). After all these exclusions, twelve firms remained in our sample (see Table 1 , Criteria I).
[ Table 2 describes the sample.
[ Table 2 ]
For each stock, we calculated daily returns from the opening and closing transaction prices in the US, Japanese and European stock markets. Whenever there was no trading for a given stock in a given market, its missing closing price was replaced by the previous day's closing price, and whenever there was no opening price, the missing value was replaced by the previous day's closing price. 13 These returns were adjusted to take into account dividends and modifications to the structure of capital, such as splits.
In order to investigate whether there are differences in volatility dynamics for Japanese firms with significant business activity in the US geographical time zone, we need to compare similar stocks, and for this we take into account the systematic risk, the size of each stock and the volume traded in each market.
The systematic risk is measured with the beta of each stock in each market where it is quoted. We obtained closing prices of the S&P 500 index to calculate this measure in the US market, of the Nikkei 500 index for the Japanese market, and of the FTSE 100 index for the London market. Then we calculated the daily close-to-close log returns of each index and stock in each market. 14 The beta of each stock in each market is calculated from the regression of each stock return as the dependent variable and the index return as the explanatory variable.
12 For NEC and TDK we could obtain the revenues distribution between the US and the Japan time zone geographical areas just from 1997 to 2000. For Fuji Photo Film, Nissan Motor, and Toyota Motor for 1998 to 2000. 13 An alternative treatment of missing observations could be to replace them by the previous price in the same market or in the previous market. For example, if the opening price in Europe is missing it could be replaced by the closing price in Tokyo. However in this way stock prices of one market are attributed to another market. This may distort the role of each market in the volatility process. In addition this treatment needs synchronized foreign exchange data with a time stamp equal to the opening and closing times in each stock exchange. This foreign exchange data was not available for this study. 14 Whenever there is no trading for a given day the missing return is replaced by a zero return.
The size of each stock is measured as the market capitalization in US dollars. The market capitalization of each stock was obtained for each day in the sample and the mean value calculated.
With respect to the trading volume, we were only able to obtain data for the US and the Japanese markets, and calculated the percentage of traded volume in each one during our sample time period. All the stock market data (stock prices, index closings, market capitalization and volume) were obtained from Datastream.
Finally, as suggested by an anonymous referee, we checked whether our main conclusions remained unchanged for a bigger sample of firms and over a longer time series period. To do this, we added into the sample all the firms that were excluded solely due to a high percentage of missing values in the European market (Criteria II in Table 1 ; two firms added). Secondly, we relaxed the criterion on the percentage of missing values to 20% (Criteria III in Table 1 ; one firm added). We also expanded the sample time series period to 31/12/2003, and then implemented the same analysis.
However, in the longer time series period, the Bank of Tokyo Mitsubishi was dropped due to a merger that took place in 2001, and Fuji Photo Film was excluded due to the non-availability in our database of its new market data from the Nasdaq stock market.
Empirical analysis

Meteor Showers or Heat Waves
In order to test the Meteor Showers hypothesis in cross-listed stocks, we implemented the above-described methodology on an equally weighted portfolio with the 12 Japanese stocks that constituted our sample (Total Portfolio). Table 3 shows the estimated VAR-GARCH models with their corresponding likelihood ratio tests of the hypothesis. 15 The estimated VAR-GARCH models contain two dummy variables in each equation of the model [1] that are included in order to take into account some anomalous observations. For example, the first dummy variable of the first equation takes a value 1 for US returns that exceed the mean of US returns by more than four times its standard deviation. The second dummy variable does the same for US returns lower than the mean of US returns by more that four times its standard deviation. For reasons of space, we do not report summary statistics or the diagnostic tests of the estimated models, but these are available on request. In Table 3 , the first column presents the results of the Total Portfolio, showing that there is transmission in the mean and in the variance from the Japanese to the US market. Furthermore, the likelihood ratio tests show that the Meteor Shower model with Country Specific News is the most appropriate model, as is the case for foreign exchange in Engle et al. (1990) . This means that the effect of a volatility shock in the US market is not equal to the effect of one in the Japanese market; thus, the origin of shocks is relevant. The nulls of Heat Waves (no transmission) and of Meteor Showers with World Wide News are rejected.
[ Table 3 ] Figure 1 shows the impulse response functions for the conditional volatility of this portfolio and their confidence intervals, at the 95% significance level, as described in Section 2. We want to detect only the significant volatility dynamics. Therefore, the impulse response functions presented in this paper are calculated assuming that the nonsignificant coefficients of the VAR-GARCH models, at the 10% level, are zero. In Figure 1 , for example, the graph entitled USA-USA represents the impulse response function of US volatility shocks on posterior volatility in the US market. The graph entitled JAP-USA represents the impulse response function for Japanese volatility shocks on posterior US volatility. Figure 1 only reflects significant volatility transmission from Japan to the US. This is consistent with the findings in the literature that the home market is the principal generator of information (e.g. Chan et al., 1996; Menkveld et al., 2003; Eun and Jang, 1997; Ely and Salehizadeh, 2001; Hauser et al., 1998) .
[ Figure 1 ]
The analysis was then repeated including the European market. The first column of Figure A1 in the Appendix presents the impulse response functions for the Total Portfolio. The results are consistent with Japan being the main news generator. There is transmission from Japan to the other markets but there is no transmission to Japan. Thus we see that adding in the European market does not change the results found with the two markets model.
The effect of international exposure
In order to detect the effect of international exposure on volatility transmission dynamics, we analyzed two equally weighted portfolios, one of which was termed the International Portfolio (IP) and contained international firms, while the other was called the Non-International Portfolio (NIP) and contained the non-international firms. We calculated the median value of FOREIGN across the firms and classified as international all firms with a FOREIGN value higher than the median. The characteristics of the IP and the NIP are presented in Table 4 (Criteria I, Case 1) and represent Case 1 in our analysis.
[ Table 4 ]
In this table we see that the mean market capitalization of the IP almost doubles that of the NIP. The systematic risk measures, as well as the trading volume in the US and the Japanese markets, are similar in both portfolios. Therefore, in order to standardise the size of the two portfolios, the biggest stock in the IP (Toyota) is excluded from the sample. The characteristics of the new IP and NIP portfolios are described in Table 4 (Criteria I, Case 2), and represent Case 2 of our analysis. In this case, the NIP is the same as in Case 1 and the measures of systematic risk and trading volume remain similar in the two portfolios.
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In both cases, we implement the empirical analysis presented in Section 2. The estimated VAR-GARCH models and the Meteor Shower tests are presented in Table 3, columns 2-4. The likelihood ratio tests again suggest that Meteor Showers with Country Specific News is the most appropriate characterization of the volatility dynamics process. In Case 1 (with Toyota), comparison of the second column (NIP) with the third column (IP) in Table 3 shows that there is statistically significant transmission in the mean and the variance from Japan to the US in both portfolios. Furthermore, the transmission coefficients are higher for the IP. Transmission from the US to Japan is significant only for the NIP. When Toyota is excluded from the sample (column 2, NIP, and column 4, IP) this finding remains unchanged. These results are consistent with a higher contribution of US investors to the price discovery process of international Japanese firms. It is also consistent with a news-correlated process related to the firms' business activity, where news releases in Japan cause posterior news releases in the US.
Regarding the transmission from the US to Japan, the evidence is consistent with Japanese investors trading on previously released news in the US (as found by Chan et al., 1996 for US investors) . This is more intense for the non-international Japanese firms, those with a higher percentage of business interest in the Japanese time zone. It is also consistent with news released in the US causing posterior news releases in Japan.
However, since the firms' headquarters are in Japan this explanation does not seem realistic. For international firms, there could be news generated in the US, related to the firms' business there, causing a reaction from the headquarters in Japan and then volatility transmission from the US to Japan. However, transmission to Japan is only observed for non-international firms.
In order to obtain a deeper understanding of the dynamic processes of information incorporation into prices, we calculated the impulse response functions in volatility and their confidence intervals, at the 95% significance level. These functions are presented in Figure 2 for Case 1, and in Figure 3 for Case 2. In these figures, each graph shows the impulse response function and its confidence intervals for the IP and for the NIP. delimit the range of the true impulse response function with a probability of 95% under the assumed probability distribution. Therefore, in order to interpret the results in
Figures 2 and 3, we consider that the impulse response function takes a higher value in one portfolio than in the other when the full confidence interval for the first portfolio is higher than that for the second. When the confidence intervals of both portfolios share some values, we adopt a conservative interpretation of equality.
[Figures 2 and 3]
Figures 2 and 3 show the same results, which are also consistent with the results found in Table 3 . Regarding the US market volatility, Japanese and US volatility shocks have a higher initial impact for the IP than for the NIP, although there is greater subsequent persistence in the NIP. The effect of US shocks seems to reinforce the idea that the US market contribution to the price discovery is higher for Japanese international firms. On Japanese volatility, US shocks have a higher impact on the NIP.
Regarding the effect of Japanese shocks on posterior Japanese volatility, the confidence intervals are initially overlapping for both portfolios, but after some periods the NIP interval is higher than that of the IP and reveals a greater degree of persistence. The longer persistence of volatility shocks on the NIP detected in the four impulse response functions is a surprising result. For these firms, there seems to be a longer period of disagreement among traders on the interpretation of the effect of news releases on stock prices.
Regarding the analysis with the three markets model, the estimated models for Cases 1 and 2 are described in Table A1 in the Appendix. The impulse response functions in volatility are also given in the Appendix, in Figures A2 and A3. Table A1 gives the same results as does Table 3 for the NIP. The main difference between the two and three markets models is found in the effects on posterior Japanese volatility, namely the non-significant transmission from the US to the Japan for the NIP. Regarding the European market, the clearly higher transmission to the US market for the IP is consistent with the higher transmission from Japan to the US for this portfolio. This, too, may be consistent with our two hypotheses, namely a higher US contribution to the price discovery process for international Japanese firms, and a news correlated process related to the firms' business activity. 17 Regarding the effects on European volatility, we detect similar effects in the two portfolios. This suggests the differences between international and non-international firms are irrelevant in this context.
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In the next sub-section, we investigate whether these results are robust when more firms are included in the sample and when the analysis is implemented on a longer time series sample.
Robustness analysis 4.3.1. A larger sample of stocks
In order to add firms into the sample, we relaxed the criterion on the percentage of missing transaction prices. However, as shown in Table 1 , when a firm is excluded because of a high percentage of missing observations in the European market, the lowest percentage is 51%. Furthermore, when the percentage of missing observations in Europe is reasonable, there is another criterion that impedes the inclusion of the firm in the sample (e.g., the case of Japan Airlines, for which we have no data on the business geographical distribution). Therefore, we could not increase the number of firms in the three markets model. In consequence, only the two markets model was used to test the robustness of our results to the inclusion of more firms in the sample. To do so, we first included in the sample all the firms that were initially dropped due to a high percentage of missing opening or closing prices in the European market (Bank of Tokyo-Mitsubishi and Matsushita Electric Industrial). In a second step, we relaxed the criterion on the percentage of missing opening or closing prices up to 20% (adding Makita). By this procedure, we implemented the two markets model on two more samples of firms. Table 4 , Criteria II and III respectively, describes the characteristics of the IP and NIP constructed in these samples of stocks. Given that the values for Toyota distorted the mean market capitalization of the IP in both cases, we repeated the analysis without Toyota (Case 2). The results of these analyses are presented in Table 3 . However, in order to save space, and given that the results of Case 1 (with Toyota) and Case 2 (without Toyota) are almost the same, only the results for Case 1 are presented. Table 3 shows that the empirical evidence found with the two markets model does not change when more firms are included in the sample. The impulse response functions are almost identical to those presented in Figures 1, 2 and 3 and for reasons of space are not presented, although they are available from the authors on request.
A longer time series sample
Subsequently, the time series sample was extended to 31/12/2003, and the two and three markets models were again implemented, for this longer time series sample.
However, as described in the data section, some of the previously analyzed firms could not be included in the latter analysis. The sample of stocks constructed with Criteria I is composed of the same 12 firms ( Table 4 , Panel A. Toyota is the firm that varies most in market capitalization and we repeated the analysis with and without Toyota (Cases 1 and 2, respectively). Table 5 shows the estimations of the two markets model for the total portfolio, the NIP, and the IP under Criteria I, II, and III. Again, dropping Toyota does not produce a significant impact on the results, and so only the results for Case 1 are shown. For the total portfolio, results on volatility transmission are as in the shorter time series period.
Regarding the IP and the NIP, the results for the shorter time series period remain unchanged except for the effect of Japanese volatility shocks on posterior Japanese and US volatility. The effect on US volatility is non-significant for the IP, except under
Criteria III. The effect on Japanese volatility becomes significant for both portfolios.
[ Table 5 The three markets model estimations (Table A1 columns 5-7) again show the nonsignificant direct transmission from Japan to the US for the IP. However, there is significant transmission through Europe. Figure A5 presents the impulse response functions for the three markets model in the sample constructed with Criteria I, Case 1 (Case 2, without Toyota, is almost the same). The impulse response functions relating US and Japanese volatility, and the effect of US (Japanese) volatility on posterior US (Japanese) volatility show similar results to those shown in Figure 5 for the two markets model. The difference is that although the impulse response function from Japan to the US is higher for the NIP, the confidence intervals partially overlap and it is not as evident that there is higher transmission for the NIP. Furthermore, the IP and the NIP present clearly different results regarding the European market. These differences are consistent with our two hypotheses on the relevance of firms' international exposure.
The most important finding from this is the higher effect of Japanese volatility shocks on posterior European volatility for the IP. This is consistent with European traders' trading on public information previously released in Japan being more intense for Japanese firms with higher business activity in the US time zone (which includes Europe and Africa). This is also consistent with the news-correlated process hypothesis, that news generated in Japan causes posterior news releases in the US time zone for international Japanese firms (even if they are then incorporated into prices in the European market). Except for the transmission from Japan to Europe, the European market presents results that are analogous to those of the US market. The impact from
Europe and the US to Japan is higher for the non-international firms. Between Europe and the US (Europe to US, Europe to Europe, US to Europe, and US to US) there is always a higher initial impact for the international firms. This suggests a higher contribution to the price discovery process of international Japanese firms by European and US traders.
Regarding volatility transmission, we found notable differences between the volatility dynamics of international and non-international Japanese firms. Our evidence suggests that there is higher volatility transmission from the Japanese time zone to the US time zone for international firms (the US or the European markets). In the shorter time series sample, this higher transmission is detected from Japan to the US, in the expanded time series sample to Europe. We also obtained some weaker evidence (it is not detected in the three markets model for the shorter time series sample) of higher transmission from the US time zone (US and Europe) to Japan for the non-international firms.
Conclusions
In this paper we have analyzed the volatility dynamics of cross-listed Japanese stocks around the world during the 24-hour-day period. In a first step we reproduced the analysis in Engle et al. (1990) and found empirical evidence suggesting that volatility dynamics on these stocks may be characterized as a Meteor Shower with Country Specific News, as the above authors found for the foreign exchange market. Therefore, news released in Japan seems to have a different effect on posterior volatility than does news released in the US. In the second step, we sought possible differences in the volatility dynamics of cross-listed Japanese firms with significant business activity in the US time zone geographical area. On the foreign exchange market, Engle et al. (1990) suggested that volatility transmission may be due to market dynamics, to the data generating process, or to failures of market efficiency. These explanations are also appropriate for cross-listed stocks, but in this case our hypothesis is that market dynamics and the data generating process may cause different volatility dynamics for Japanese firms with significant business activity in the US market time zone geographical area. Specifically: (i) the behaviour of US investors detected in Chan et al. (1996) , trading foreign stocks on public information previously released in the domestic market, could be reinforced on Japanese firms with significant business activity in the US time zone geographical area; (ii) the data-generating process may be different for these firms. Business related news released in Japan might cause posterior news releases in the US time zone, thus causing volatility transmission.
Our empirical evidence documents higher volatility transmission from Japan to the foreign markets for Japanese firms with significant business activity in the foreign markets' time zone geographical area. This evidence is consistent with our hypotheses on market dynamics and the data-generating process.
Furthermore, we also found weaker empirical evidence of higher transmission from the foreign markets to Japan for Japanese firms with fewer business interests in these markets' time zone geographical area. This is consistent with Japanese traders' trading on public information previously released in the foreign markets to be more intense for these firms. In this case, the news-correlated process seems less realistic given that these firms' headquarters are in Japan.
Finally, it is worth mentioning that our evidence suggests that for non-international Japanese firms there is a greater persistence in the effect of volatility shocks. This is consistent with a longer persistence in the degree of disagreement on the interpretation of news releases between traders.
The empirical evidence presented in this paper complements that given in Chan et al. (2003) , suggesting that the geographical distribution of business, as well as the location of trade, is relevant to the price fluctuations that may occur. 
Figure A1: Total Portfolio
For an equally weighted portfolio composed of the 12 stocks in the sample, the graph entitled USA-USA represents the impulse response function in the variance of US volatility shocks on posterior US volatility. The graph entitled USA-Japan represents the impulse response function in the variance of US volatility shocks on posterior Japanese volatility. In each graph the continuous line with small circles represents the impulse response function in variance, and the non-continuous lines represent the upper and lower bounds of the confidence intervals for this function. Under the assumed probability distribution, the true value of the impulse response function in variance is in the confidence interval with a probability of 95%. 
Figure A2: Case 1 (with Toyota)
The graph entitled USA-USA represents the impulse response functions in the variance of US volatility shocks on the posterior US volatility. The graph entitled USA-Japan represents the impulse response functions in the variance of US volatility shocks on the posterior Japanese volatility. In each graph the continuous line represent the impulse response function in the variance for the IP, and the continuous line with small circles, that for the NIP. The non-continuous lines represent the upper and lower bounds of the confidence intervals for these impulse response functions, with small dots for the IP and long dashes for the NIP. Under the assumed probability distribution, the true value of the impulse response function in the variance is in the confidence interval with a probability of 95%.
- 
Figure A3: Case 2 (without Toyota)
The graph entitled USA-USA represents the impulse response functions in the variance of US volatility shocks on posterior US volatility. The graph entitled USA-Japan represents the impulse response functions in the variance of US volatility shocks on posterior Japanese volatility. In each graph the continuous line represent the impulse response function in the variance for the IP, and the continuous line with small circles, that for the NIP. The non-continuous lines represent the upper and lower bounds of the confidence intervals for these impulse response functions, with small dots for the IP and long dashes for the NIP. Under the assumed probability distribution, the true value of the impulse response function in the variance is in the confidence interval with a probability of 95%.
Figure A4: Total Portfolio: Extended time series sample
For an equally weighted portfolio composed of the 11 stocks in the sample, the graph entitled USA-USA represents the impulse response function in the variance of US volatility shocks on posterior US volatility. The graph entitled USA-Japan represents the impulse response function in the variance of US volatility shocks on posterior Japanese volatility. In each graph the continuous line with small circles represents the impulse response function in the variance, and the non-continuous lines represent the upper and lower bounds of the confidence intervals for this function. Under the assumed probability distribution, the true value of the impulse response function in the variance is in the confidence interval with a probability of 95%. The graph entitled USA-USA represents the impulse response functions in the variance of US volatility shocks on posterior US volatility. The graph entitled USA-Japan represents the impulse response functions in the variance of US volatility shocks on posterior Japanese volatility. In each graph the continuous line represents the impulse response function in the variance for the IP, and the continuous line with small circles, that for the NIP. The non-continuous lines represent the upper and lower bounds of the confidence intervals for these impulse response functions, with small dots for the IP and long dashes for the NIP. Under the assumed probability distribution, the true value of the impulse response function in the variance is in the confidence interval with a probability of 95%.
- For an equally weighted portfolio composed of the 12 stocks in the sample, the graph entitled USA-USA represents the impulse response function in the variance of US volatility shocks on posterior US volatility. The graph entitled USA-Japan represents the impulse response function in the variance of US volatility shocks on posterior Japanese volatility. In each graph the continuous line with small circles represents the impulse response function in the variance, and the non-continuous lines represent the upper and lower bounds of the confidence intervals for this function. Under the assumed probability distribution, the true value of the impulse response function in the variance is in the confidence interval with a probability of 95%. The graph entitled USA-USA represents the impulse response functions in the variance of US volatility shocks on posterior US volatility. The graph entitled USA-Japan represents the impulse response functions in the variance of US volatility shocks on posterior Japanese volatility. In each graph the continuous line represents the impulse response function in the variance for the IP, and the continuous line with small circles, that for the NIP. The non-continuous lines represent the upper and lower bounds of the confidence intervals for these impulse response functions, with small dots for the IP and long dashes for the NIP. Under the assumed probability distribution, the true value of the impulse response function in the variance is in the confidence interval with a probability of 95%.
- The graph entitled USA-USA represents the impulse response functions in the variance of US volatility shocks on posterior US volatility. The graph entitled USA-Japan represents the impulse response functions in the variance of US volatility shocks on posterior Japanese volatility. In each graph the continuous line represents the impulse response function in the variance for the IP, and the continuous line with small circles, that for the NIP. The non-continuous lines represent the upper and lower bounds of the confidence intervals for these impulse response functions, with small dots for the IP and long dashes for the NIP. Under the assumed probability distribution, the true value of the impulse response function in the variance is in the confidence interval with a probability of 95%.
- For an equally weighted portfolio composed of the 11 stocks in the sample, the graph entitled USA-USA represents the impulse response function in the variance of US volatility shocks on posterior US volatility. The graph entitled USA-Japan represents the impulse response function in the variance of US volatility shocks on posterior Japanese volatility. In each graph the continuous line with small circles represents the impulse response function in the variance, and the non-continuous lines represent the upper and lower bounds of the confidence intervals for this function. Under the assumed probability distribution, the true value of the impulse response function in the variance is in the confidence interval with a probability of 95%. The graph entitled USA-USA represents the impulse response functions in the variance of US volatility shocks on posterior US volatility. The graph entitled USA-Japan represents the impulse response functions in the variance of US volatility shocks on posterior Japanese volatility. In each graph the continuous line represents the impulse response function in the variance for the IP, and the continuous line with small circles, that for the NIP. The non-continuous lines represent the upper and lower bounds of the confidence intervals for these impulse response functions, with small dots for the IP and long dashes for the NIP. Under the assumed probability distribution, the true value of the impulse response function in the variance is in the confidence interval with a probability of 95%.
- * Firms incorporated into the sample when the European data is not taken into account. ** Firms incorporated into the sample when the European data is not taken into account and the limit in the percentage of missing values is relaxed. *** Percentage of shares traded on the US stock market over the sum of shares traded on the Japanese and the US markets. The conversion rate between ADRs and shares is taken into account. I P I P I P I P I P I P C a n o n I P I P I P I P I P I P
Criteria I Criteria III Case 2
Criteria II * These firms are not included in the extended time series sample. ** Percentage of shares traded on the US stock market over the sum of shares traded on the Japanese and the US markets. Notes: For reasons of space, the results of the residual diagnostic tests are not reported, though they are available on request. However, the Ljung-Box Q statistics suggest that the selected specifications explain the data fairly well. These Q statistics are calculated for 1 to 24 lags, on the standardized residuals, their squares and their cross-products. a. Significant at the 1% level. b. Significant at the 5% level. c. Significant at the 10% level. 1. Likelihood Ratio test where the null is that transmission parameters in volatility are null ( 
